It is important to identify viruses in animals because most infectious diseases in humans are caused by viruses of zoonotic origin. African green monkey is a widely used non-human primate model in biomedical investigations. In this study, total RNAs were extracted from stool samples of 10 African green monkeys with diarrhea. High-throughput sequencing was used to characterize viromes. PCR and Sanger sequencing were used to determine the full genome sequences. Great viral diversity was observed. The dominant viruses were enteroviruses and picobirnaviruses. Six enterovirus genomes and a picobirnavirus RNA-dependent RNA polymerase sequence were characterized. Five enteroviruses belonged to two putative new genotypes of species Enterovirus J. One enterovirus belonged to EV-A92. The picobirnavirus RNA-dependent RNA polymerase sequence had the highest nucleotide similarity (93.48%) with human picobirnavirus isolate GPBV6C2. The present study helped to identify the potential zoonotic viruses in African green monkeys. Further investigations are required to elucidate their pathogenic roles in animals and humans.
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Introduction
Viruses are considered the most abundant and diverse organisms. They infect almost every other organism in nature and cause diseases ranging from self-limiting diseases to acute fatal diseases (Pallansch MA, Whitton JL, 2013; Herrington et al., 2015) . A great number of human infectious diseases are caused by viruses that evolved from zoonotic viruses such as SARS-Cov from bats (Hu et al., 2017) , ebola virus from bats (Biek et al., 2006) and HIV from non-human primates (NHPs) (Sharp and Hahn, 2010; Chahroudi et al., 2012) . It is important to identify viruses in animals to provide basic information for their spread to humans and their relationships with pathogenic infections.
African green monkeys. Oberste et al. (2013) investigated three picornavirus genera (Enterovirus, Parechovirus, and Sapelovirus) in African green monkeys at the Dazark Zoo of Bangladesh, but none was detected. Gallagher et al.(2017) detected simian picobirnaviruses in fecal samples from diarrhea-free African green monkeys of the Caribbean region. However, little research has reported the virome in stools of African green monkeys.
In this study, we collected stools from 10 African green monkeys with diarrhea in a captive colony in China and then detected the gut RNA virome using high-throughput sequencing technology. Great diversity of virus families were identified. Enterovirus and picobirnavirus reads accounted for the vast majority of the mammalian virus reads. They were identified and further characterized. This knowledge may provide evidence of the causes of diarrhea and lead to effective strategies for preventing the transmission of viruses from African green monkeys .
Materials and Methods

Specimen Collection
Twenty-two African green monkeys from a captive colony at an animal research center of Beijing in China were found to have contracted diarrhea. Ten stool samples from separate African green monkeys with diarrhea were collected and stored at −70℃ until further high-throughput sequencing analysis.
RNA Extraction
The stool samples were diluted with phosphate-buffered saline (Thermo Fisher Scientific, USA) at a w/v ratio of 20% and crushed with a homogeni ser at a speed of 50 Hz for 10 s. The supernatants were collected after centrifugation at 12,000 rpm for 10 min and then filtered through 0.22-μm filters (Merck, Germany). Total RNAs were extracted from 400 μl of the clarified supernatants using a High Pure Viral RNA Kit (Roche, Switzerland) in accordance with the manufacturer's instructions.
High-throughput Sequencing
RNA sequencing libraries were constructed using Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific). High-throughput sequencing was then performed using an Ion Torrent S5 sequencer (Thermo Fisher Scientific). The raw data were filtered to remove low-quality reads using FASTP (Chen et al., 2018) . Filtered reads were normalized using BBNorm software (Biowulf, USA) and then compared with the local virus databases established from NCBI using BLAST (Cameron M J o u r n a l P r e -p r o o f Journal Pre-proof Cannane A, 2006) to discover virus-related sequences. Then, mammalian virus reads were extracted for analysis.
Genome Sequencing
Reads similar to certain virus were abstracted and assembled to contigs using Newbler software v2.9 (Roche). Consensus sequences were constructed with viral reads mapped to the most similar sequences by BLAST using CLC Genomic Workbench v.9.0 (Qiagen Bioinformatics, Germany). The gaps between the sequence contigs were determined using PCR and Sanger sequencing. A cDNA amplification kit for 5' and 3' rapid amplification of cDNA ends (TaKaRa, Japan) was used to determine the full terminal sequences in accordance with the manufacturer's instructions. Sequences were validated by mapping the original high-throughput sequencing data with genome sequences in this study as references using CLC Genomic Workbench v.9.0. The verified high-throughput sequencing depth and coverage of each sequence were shown in supplementary material Table S1 .
Genome Analysis
The online BLASTn and BLASTp methods (Cameron M, Cannane A, 2006) were used to compare the viral nucleotide or amino acid sequences with all of the currently published sequences in the NCBI database. The complete genomic sequences were annotated using the RAST (Rapid Annotation using Subsystem Technology) server (Aziz et al., 2008) . The pairwise nucleotide identities of enteroviruses were calculated using Clustal Omega (Madeira et al., 2019) .
Phylogenetic Analysis
Sequences were aligned using MAFFT version 7 (Katoh and Standley, 2013) . MEGA 7 (Kumar et al., 2016) was used to generate maximum-likelihood phylogenetic trees with the best calculate model. Bootstrap values were calculated from 1000 replicates.
GenBank Accession Numbers
The GenBank accession numbers for the complete genomes of novel enterovirus strains strain RJG7, human picobirnavirus RdRp gene isolate GPBV6C2, picobirnavirus strain PBV/Simian/KNA/08873/2015 RdRp sequence are AF326766.2, EF667344.1, AB517732.1, KY053140.1.
Results
Overview of Viral Sequences
Great viral diversity was detected from stool samples of African green monkeys in this study.
Reads in most abundant viral families are depicted in Figure 1 . The most abundant virus families were Picornaviridae and Picobirnaviridae. The diverse reads related to these two families occupied 83.8% (60.1% and 23.7%, respectively) of the total viral reads. Sequences of plant virus families (Luteoviridae, Virgaviridae, Bromoviridae) and bacteriophage families (Myoviridae, Siphoviridae)
were not further analyzed. Reads in mammalian virus families (Picornaviridae, Picobirnaviridae, Astroviridae) were further characterized.
Further analysis of these mammalian virus reads are shown in Table 1 . Enterovirus, picobirnavirus, sapelovirus and bastrovirus sequences were detected. Enterovirus reads were found in nine African green monkeys, accounting for almost 100% of the mammalian virus reads in five samples, while 0.2-6.4% in the other four samples. Picobirnavirus reads were found in seven African green monkeys. They accounted for 84.8%-95.6% of the mammalian virus reads in five animals, while only 0.2% and 0.7% in the other two animals. The remaining putative mammalian virus reads were related to sapelovirus or bastrovirus, accounting for 0.2%-7.6% of the mammalian virus reads in different samples. 36 sapelovirus reads were found mainly in one green monkey with high abundance of enterovirus reads, and 5-136 bastrovirus reads was found in six green monkeys with picobirnavirus reads. Enterovirus and picobirnavirus sequences, which were the majority in the samples, were further characterized. Attempts to obtain more sequences from sapelovirus and bastrovirus were unsuccessful, probably because of low virus titers in the samples.
Enterovirus
Six complete enterovirus genomes were detected from five samples with abundant enterovirus reads. The six genome lengths ranged from 7319 bp to 7370 bp. The annotated results from RAST illustrated that all six genomes had only one large typical enterovirus ope n-reading frame encoding all of the structural proteins and non-structural proteins. All the six strains were enteroviruses that had not been reported before. Four strains belonged to a putative new J o u r n a l P r e -p r o o f The pairwise similarity of strains 1J, 8J, 9J, 10J and 2J with stains of species Enterovius J was calculated using Clustal Omega as presented in Table 2 . VP1 regions of strains 1J, 8J, 9J, 10J and 2J had significantly lower identities with stains of species Enterovius J than observed for other regions.
The other enterovirus was tentatively named strain CHN/BJ/2018-1A (abbreviated as 1A).
Nucleotide BLASTn analysis of the whole genomic sequence indicated that 1A exhibited the highest sequence similarity of 82.8% (99% coverage) with human enterovirus 92 strain RJG7.
BLASTp analysis of the polyprotein amino acid sequence revealed that strains 1A and RJG7 shared 94.7% identity (100% coverage). VP1 sequence of strain 1A exhibited 80.87% nucleotide identity (100% coverage) and 89.23% amino acid identity (100% coverage) with that of strain RJG7.
To further confirm the genetic relationships of enterovirus strains in our study with other enteroviruses, a phylogenetic tree ( Figure 2) On the basis of sequence diversity in RdRp, picobirnaviruses are classified into three genogroups (Delmas et al., 2019) . To further confirm the relationships of SPBV-3 and other picobirnaviruses, a phylogenetic tree (Figure 3 ) based on RdRp amino acid sequences was constructed. RdRp sequences from SPBV-3, GPBV6C2 and picobirnaviruses listed in the ICTV picobirnavirus report (Delmas et al., 2019) were included in the phylogenetic analysis. The maximum-likelihood phylogenetic tree was generated using the LG+G+I model. SPBV-3 clustered into a clade with picobirnaviruses of genogroup 1 and showed the closest genetic distance with strain GPBV6C2.
Discussion
Viral metagenomic analysis conducted in this study revealed the high diversity of viruses in stool samples from African green monkeys with diarrhea in China. Enterovirus and picobirnavirus sequences were highly abundant in the examined samples. (Oberste et al., 2007) . The other five strains had the closest relationships with strain 1631 of species Enterovirus J isolated from Macaca mulatta (Oberste et al., 2007) . These six strains were found in five separate monkeys in this study.
Coinfection of strain CHN/BJ/2018-1A and CHN/BJ/2018-1J was detected in one African green monkey. Whether the six enteroviruses were pathogenic to African green monkeys should be verified by additional research. Substantial attention and surveillance of these enteroviruses in African green monkeys and people who had contact with these animals may be necessary.
The genus Enterovirus consists of 15 species, namely Enterovirus A-L and Rhinovirus A-C (ICTV Report). Members of a enterovirus species should share greater than 70% polyprotein amino acid sequence identity, greater than 60% amino acid identity in region P1 and greater than 70% amino acid identity in region 2C plus 3CD (ICTV Report). Enterovirus genotype was currently defined as sharing greater than 75% nucleotide similarity and greater than 85% amino acid identity in the VP1 coding region (Lukashev et al., 2018) . Four strains 1J, 8J, 9J, 10J shared 70.32%-73.53% polyprotein amino acid identity, 57.58%-61.06% amino acid identity in P1 and 80.78%-83.56% amino acid identity in region 2C plus 3CD ( Picobirnaviruses are small, non-enveloped viruses with a genome of two unrelated linear dsRNA segments. Picobirnaviruses have been detected in the faeces of humans and a wide range of animals worldwide, but their pathogenicity remains unknown (Malik et al., 2014; Delmas et al., 2019) . In this study, picobirnavirus sequences were detected from seven out of ten stool samples of green monkeys with diarrhea, suggesting a high picobirnavirus infection ratio in African green monkeys. Picobirnavirus strain PBV/Simian/KNA/08873/2015 RdRp sequence detected from an African green monkey in the Caribbean region (Gallagher et al., 2017) had 69.93% nucleotide similarity (92% coverage) and 63.27% amino acid identity (100% coverage) with that of the picobirnavirus in this study, illustrating the great diversity among picobirnaviruses in African green monkeys. The high nucleotide similarity (93%) of picobirnavirus RdRp detected in this study with that of human picobirnavirus GPBV6C2 found in a stool specimen from a patient with diarrhea indicated that African green monkey could be a reservoir of human picobirnavirus. The possibility that human picobirnaviruses could circulate among African green monkeys and humans could not be eliminated. Picobirnavirus strains in this study had a 100% identity, while enteroviruses showed diversity among the same animal colony. These viruses might have different evolutionary histories or dynamics, which is worthy of further investigations.
In brief, we investigated the RNA virome in stool samples of African green monkeys with diarrhea in China, and identified great viral diversity. Enterovirus and picobirnavirus reads accounted for the majority of mammalian virus sequences. Full genomic characterisation of six enterovirus strains and a picobirnavirus RdRp sequence were depicted. Two new genotypes of enteroviruses were defined. The enteroviruses and picobirnavirus identified in this study are worthy of further investigation to clarify their pathogenicity, and surveillance is needed to determine their transmission to humans or other animals. : Table S1 . The verified high-throughput sequencing depth and coverage of each sequence in this study. J o u r n a l P r e -p r o o f Figure 2 . Phylogenetic tree of enterovirus strains in our study and other enteroviruses based on VP1 nucleotide sequences. The maximum-likelihood method was used to construct the tree with 1000 bootstrap replicates. Bootstrap values are listed at the nodes. The scale represents the evolutionary distance. Strains detected in this study are indicated by black dots. Figure 3 . Phylogenetic tree of picobirnavirus SPBV-3 detected in our study and other picobirnaviruses in ICTV based on the RNA-dependent RNA polymerase amino acid sequences. The maximum-likelihood method was used to construct the tree with 1000 bootstrap replicates. Bootstrap values are listed at the nodes. The scale represents the evolutionary distance. Strain SPBV-3 detected in this study is indicated by a black dot. J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f
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